Coherent polyatomic dynamics studied by femtosecond time-resolved photoelectron spectroscopy: Dissociation of vibrationally excited C S 2 in the 6 s and A recently developed velocity map imaging spectrometer has been used to study the photoionization of molecular nitrogen near threshold. The potentialities of the spectrometer have been exploited to measure simultaneously the energy and angular distribution of the photoelectrons corresponding to the residual N 2 + X 2 g v = 0-3 ion states. In a single experiment all the experimental observables, i.e., the total and partial cross sections, their branching ratios and the asymmetry parameter of the angular distributions have been determined.
I. INTRODUCTION
Measurements of the photoelectron angular distributions (PADs) in the photoionization of atoms and molecules have long been known as a valuable tool to characterize the structure of the continuum and bound electronic states, to provide information on photoionization dynamics and to test theoretical models. Indeed, the asymmetry parameter of the photoelectron angular distribution depends on the ratio and relative phase between the different continuum partial waves, quantities which are not relevant for the total and partial photoionization cross sections. Since the early experiments in the 1930s, 1 PADs have been used to perform complete photoionization experiments to observe effects due to site specific emission and alignment of fixed-in-space molecules and to probe chirality and time-dependent dynamics. 2 Renewed interest in the measurement of PADs has been triggered by the development of new highly efficient imaging detectors 3 and the availability of new sources, such as third generation synchrotron radiation facilities, fast and intense lasers for multi-photon ionization and, more recently, by the possibility to combine these two photon sources to tackle processes previously not accessible. 4 The study of photoionization near threshold on the one hand offers the opportunity to investigate the coupling and competition between the direct ionization process and the autoionization of Rydberg states embedded in the continuum, but on the other hand poses severe challenges due to the detection of low energy electrons. Indeed, while several high resolution total ion yield measurements have been reported, the measurement of the partial cross sections and vibrational branching ratios near threshold are limited even in simple diatomic molecules such as N 2 .
The nitrogen molecule plays a relevant role not only in the chemistry of the Earth's atmosphere, but also in those of other planets. 5 Indeed, it has recently been suggested that a) Author to whom correspondence should be addressed. Electronic mail: patrick.okeeffe@mlib.imip.cnr.it. b) Present address: Institut für Optik und Atomare Physik, Technische Universität Berlin, Berlin, Germany.
the isotope effects in the photoionization yields of N 2 in the VUV range have important consequences on the composition of Titan's atmosphere. 6 Clearly, an extensive literature exists on the spectroscopic data obtained via different techniques. 7 However, studies of the N 2 by photoelectron spectroscopy near threshold are limited to the works by Zubek et al., 8 who operated a threshold analyzer set at 90
• with respect to the polarization vector of the incident radiation, and by Holland and West 9 whose measurements begin at about 15.89 eV, more than 300 meV above threshold. As for the angular resolved measurements to our knowledge only the work by West et al. 10 in the photon energy region 15.89-16.75 eV has been reported. The ZEKE spectrum of N 2 has also been reported in the threshold region of both the X and A states of the ion. 11 In the present work a recently built velocity map imaging (VMI) spectrometer 12 is used to study the vibrational photoionization of N 2 from the first ionization potential (15.581 eV) to about 0.8 eV above it. The peculiar characteristic of the VMI is the collection of all of the photoelectrons emitted over a 4π solid angle, while simultaneously measuring the energy and angular distributions. Also Holland and Shaw 13 have recently measured the photoelectron angular distributions of electrons emitted following photoionization of N 2 at some selected photon energies near threshold using a VMI type instrument. However, in the present experiments both the relative partial cross section and the asymmetry parameters for the v = 0-3 states of the N 2 + X 2 g + state have been measured in a systematic way in the photon range from threshold to 16.4 eV.
II. EXPERIMENT AND DATA ANALYSIS
The experiments have been performed at the Gasphase photoemission beamline of the Elettra storage ring (Trieste, Italy). The layout, characteristics, and performances of the beamline have been described previously 14 and will not be repeated here. The source of the beamline is an undulator, which provides fully linearly polarized radiation. The present experiment has been performed on the branch line, which covers the energy region from 13 to 250 eV.
The present VMI spectrometer design 12 is based on a classical three element system (20 mm aperture, 15 mm spacing) and with a total distance of 210 mm from the interaction region to the front MCP of the detector. The spectrometer is equipped with a position sensitive detector 15 developed by the Instrumentation and Detector Laboratory at Elettra. The UHV section of the detector consists of two 40 mm MCPs, mounted in a Chevron configuration, and a delay line detector for X, Y position identification. The spatial resolution is about 100 μm in one direction and 150 μm in the other. The X, Y start and stop signals from the two ends of each delay line of the detector are immediately amplified at the air side of the UHV flange. The amplified pulses are sent to constant fraction discriminators and then fed into time-to-digital converters (TDCs). The TDCs are controlled by a mother board connected via an external SCSI cable to a PCI, peripheral component interface, board inside a PC. Finally, a LabVIEW code manages the data acquisition, analysis, on-line graphical presentation, and control of the beamline optics to allow a series of images to be measured automatically at different photon energies.
The molecules under investigation are introduced into the chamber via a continuous supersonic beam formed by expanding 1-2 bars of gas through a 50 μm nozzle. The nozzle is mounted on an XYZ-manipulator for the precise alignment on a 0.5 mm skimmer, the tip of which is placed at a distance of about 12 cm from the interaction zone. The chamber is lined with a 2 mm thick μ-metal shield. This allows the measurement of the angular distribution of photoelectrons with kinetic energy as low as 13 meV with a typical energy resolution of 6%. 12, 16 Typical acquisition times of an image were of the order of 150 s per point. Measurements were taken at photon energy increments of ∼2 meV with a typical monochromator resolution better than 1 meV.
The VMI technique works by projecting the 3D distribution of electrons released in the ionization process onto the 2D position sensitive detector. It is then possible to recover the PAD and photoelectron spectrum (PES) by an inverse Abel transformation or other inversion methods. [17] [18] [19] In this work the inversion of the background subtracted 3D images was performed using the pBasex method introduced by Garcia et al. 19 combined with a Windows type graphical user interface which has extensive image manipulation features. 20 The background image was measured below the ionization potential.
An example of the images obtained is given in Figure 1(a) , where the raw data, the inverted image are shown while in Figure 1 for each vibrational state is obtained by fitting the "inverted," 2π -integrated, photoelectron spectra with Gaussian functions having the position, width, and area as free parameters. The anisotropy parameters are determined as a weighted average of all points contained within the full width half maximum of the "angular-resolved" photoelectron peak in the kinetic energy distribution (as suggested in Ref. 12) . The uncertainties are determined on the basis of the spread of the anisotropy parameters extracted by varying the parameters related to the image processing. These uncertainties are ±0.02 when comparing adjacent photon energy points while the overall absolute error due to possible systematic errors related to background subtraction is on the order of ±0.05. Finally, as can be seen from Figure 1 (c) the FWHM of the peak corresponding to ionization to the N 2 + X 2 g + v = 0 state is 32 meV. This is much larger than both the photon resolution (<1 meV) and the rotational state spacing between the N = 0 and N = 2 levels in the excited state (1.5 meV -i.e., the spacing between the first members of the N = 0 and N = 2 branches). The resulting parameters (both branching ratios and βs) extracted from the experimental data are therefore averaged over the rotational branches in the photoionization process.
III. RESULTS AND DISCUSSION

A. Total photoelectron yield and assignments of autoionization structure
The total electron yield from 15.555 to 16.390 eV is shown in Figure 2 distribution (see Figure 2 ). The smooth distribution is due to direct photoionization into the N 2 + X 2 g + continuum while the peaks are due to the excitation of Rydberg states converging on higher vibrational levels of the X 2 g + state of the ion or to electronically excited ion states. These states then autoionize to the ground state of the ion and emit an electron. The assignment of the features in this region of the spectrum has been the subject of numerous experimental [23] [24] [25] [26] [27] [28] [29] [30] and theoretical [31] [32] [33] [34] [35] studies, nonetheless no definitive assignment of the entire region has been agreed upon in the literature. Clearly, an accurate assignment of this part of the spectrum must not conflict with assignments in the energy region just below threshold 29, 30, 36, 37 or with the assignments of higher members of Rydberg series converging to higher states of the ion. [38] [39] [40] [41] A detailed description of the numerous (and often conflicting) assignments is outside the scope of this work and therefore the reader is referred to the works of Lofthus and Krupenie, 42 McCormack et al., 28 Huber et al., 40 Lefebvre-Brion et al. 33 and Sommavilla et al. 22 for a complete evolution of the problem in the last 4 decades. In this work we will concentrate on the two principal conflicting assignments and discuss the impact of the results presented in this article on these assignments.
The assignment of the peaks in the region between the thresholds of the v + = 0 and v + = 1 of the X 2 g + states has been the subject of a series of recent papers 22, 28, 34 and in some ways represents the crossroads between the VUV absorption below threshold and the photoionization cross section above threshold. At present, the most accredited assignment would appear to be that put forward by Sommavilla et al. 22, 23 on the basis of a rotational analysis of the bands to distinguish between effect of rotational cooling in the supersonic jet the total electron yield spectra in the region 15.55-15.78 eV taken under the same conditions using an effusive jet and a supersonic jet are presented in Figure 3 . The supersonic-jet spectrum shows much narrower features and therefore more structure, which was hidden under the long rotational tails in the effusive jet spectrum. The rotational temperature of the supersonic beam was measured to be <9 K using two-photon spectroscopy via the X 1 g
− transitions as described in Ref. 43 with the synchrotron radiation used for the first step and an IR laser in the second step order to provide sufficient spectral resolution to resolve rotational structure. The above spectrum shown in Figure 3 is not comparable in terms of spectral resolution to the photoionization measurements collecting ion yields using a monochromatized He continuum source, 25 double-resonance ionization spectroscopy with visible/UV lasers, 28 or, in particular, to that recorded using the ultra-high resolution VUV sum-frequency mixing source of the Merkt group. 22, 23 Nonetheless, it does display most of the bands due to autoionizing states observed in the high resolution photoionization experiments. 22 In Figure 3 we show the notation of the bands assigned by Sommavilla et al. 22 in their spectrum between 15.64-15.69 eV. It is clear that some of the weaker features (B, D, and G) are lost in the relatively low resolution spectrum, however, most of the bands are clearly visible.
The excited states which can contribute to the structure in this region are the high vibrational levels of the N 2 b + as assigned by a rotational analysis of these bands recorded under ultrahigh spectral resolution. 22 Indeed, by observation of other members of these series it was possible to extract the quantum defects of the npσ 1 u + and the npπ 1 u series converging to the v + = 0, 1, 2 states of the ground state of the ion. 22 The ladders corresponding to the energies of these series converging to v + = 1, 2, and 3 are shown in Figure 1 . It should be noted that the ladders corresponding to the states converging on the v + = 3 state are simply those calculated from the quantum defects of the series converging to the v + = 2 state 22 shifted by the energy difference between the v + = 2 and v + = 3 state of the X state. 44 Other bands assigned to these series include (A) 6pσ 1 u Figure 2 these states are "lost" in the shoulder of the intense peak at 15.876 eV, features which could be assigned to 8pσ , v + = 3 and 9pσ and 9pπ , v + = 2 can be observed in the spectrum at 15.906, 15.922, and 15.928 eV, respectively. Although these series do not obey the (1/n*) 3 intensity rule due to electronic interaction with interloper states it is unlikely that states with n = 10 contribute significantly to the spectrum.
The high vibrational levels of the N 2 b 1 u + valence state which contribute to the spectrum in Figure 3 are v = 42 (B), v = 43 (E), and v = 44 (F) (Ref. 22) although there is still some discussions on the exact numbering of these states. 32 The main contribution to the upper "tower" (F/G in Figure 3 ) of the so-called cathedral tower peaks (at 15.676 and 15.674 eV so named as they resemble the two towers of a gothic cathedral 34 ) is assigned principally to the v = 44 N 2 b 1 u + , while the dominant part of the lower tower (C/D in Figure 3 ) is assigned to the 3sσ 1 u + state converging on the B 2 u + , v + = 0 state of the ion, i.e., the lowest member of the New Ogawa absorption series. The higher members of this series are observed as a weak absorption series interspersed with the stronger Hopfield absorption and emission series at higher photon energies. 40 Finally, the H band was assigned to the 9f (N 2 + X 2 g
The detailed discussion of this region of the spectrum is necessary as the assignments of the peaks here have an important impact on the assignment of the peaks from 15.7-16.4 eV (and beyond). The two alternative assignments of the peaks in that region were proposed by Kosman and Wallace (KW) (Ref. 31 ) and Lefebvre-Brion and Yoshino (LBY). 33 The assignment proposed by KW is consistent with the assignment for the peaks in the region between the thresholds of the v + = 0 and v + = 1 of the X 2 g + states described above, while the LBY assignment suggests that the upper tower of the cathedral peaks should be assigned to the (A + states exist. 34, 35 In the second case the alternative assignment 34 suggests that the upper cathedral tower is due to excitation to the 3dσ g 1 u , v + = 1 converging on the A 2 u state of the ion. However, a detailed rotational analysis of the C band by Sommavilla et al. 23 
For this reason we have reported the KW assignment in Figure 2 where we indicate the energy levels of the (A The main problem with this assignment is that many of the most intense peaks in the spectrum remain unassigned (see, peaks marked a -f in Figure 2) . Indeed, there are 4 series initially identified by Ogawa and named P (1, 2, 3, 4) whose identity remain unknown within this assignment. 45 This is in contrast to the LBY assignment which assigns almost all of the peaks in the region to a combination of the ndσ 1 u , ndδ 1 u , and ndδ 3 u series converging on the A state of the ion. These assignments will be further discussed in the light of the results presented here in Subsections III B and III C and, while the present results do not definitively prove one or the other of these assignments, they provide new information that will be helpful for future assignments.
It should be noted that while the present experiments are of significantly lower spectral resolution with respect to ion yield measurements 22, 23, 25 these measurements display a significant improvement in the overall energy resolution with respect to the previous photoelectron works performed using synchrotron radiation. 7, 8 More importantly, the data presented here were recorded in a supersonic jet thus reducing significantly the rotational congestion of the spectrum with respect to previous photoelectron work. The total and partial photoelectron yields measured here extend and complement the previous works by Zubek et al. 8 and Holland and West. The spectra measured by Zubek et al. 8 are characterized by an overall resolution of about 30 meV and have been recorded at 90
• with respect to the polarization of the incident radiation. Thus, the measured yields can be affected by the different angular distribution of the N 2 + ion states. The measurements of Holland and West 9 starts at 15.9 eV and the minimum detected kinetic energy of the photoelectrons is 65 meV. Those measurements have been performed with a cylindrical mirror analyzer set at the magic angle, 54
• 44 with respect to the polarization of the incident radiation, therefore they are not sensitive to the angular asymmetry, but their electron kinetic energy resolution was limited to 60 meV.
B. Vibrational level branching ratios
The partial electron yields for the N 2 + X Table I and text for details).
hand, the intensities of the different peaks in the partial ion yields depend on the product of the FCFs for the transition between the ground state and the autoionizing state and those for the transition between the autoionizing state and the ionic state. Moreover, they can also be affected by the interactions among nearly overlapping autoionizing states and by the value of the Fano q parameter which takes into account the interaction between the continuum and the autoionizing state.
Therefore, if the electronic autoionization is considered to be dominated by configuration interaction (direct electronic autoionization) then the branching ratios to the various vibrational states of the ground state ion can be considered to Table I 47 in the case of the neutral ground state and those of Singh and Rai 48 in the case of the ion curves. It was decided to use these curves over more recent theoretical curves as they were extracted from experimental data. Although more recent analytic curves 49 have been extracted from spectroscopic data on the N 2 X 1 g + state, they differ only in the asymptotic area from the RKR curve used here and therefore the differences do not have any effect on the low vibrational levels examined in the present work. The FCFs were calculated using the LEVEL program of Le Roy. 50 In order to use these FCFs in the discussion of the branching ratios following the autoionization of the Rydberg states it is necessary to make the further approximation that the potential energy curves of the Rydberg states are parallel to those of the ion states to which they converge. This is surely true for high lying Rydberg states but may break down to some extent in the case of lower n Rydbergs.
Therefore, as mentioned above the branching ratios in the off-resonance parts of the spectrum are due to direct ionization and depend on the FCFs between the N 2 X 14 the autoionization resonances depend on the FCFs between the resonant Rydberg state and the final ion states (assuming electronic autoionization) as well as on the ratio of autoionization to direct ionization. For example, for the intense peaks of Figure 2 which have only a small contribution from the direct ionization, the branching ratios should be equal to the FCFs in Table II ( i.e., pure electronic autoionization) while in the case of weak peaks a smaller effect on the branching ratio is expected with respect to off resonance ionization as the autoionization has to compete with direction ionization. Clearly, the branching ratio only becomes relevant above the v + = 1 threshold at 15.85 eV. Therefore, we will concentrate this discussion on the most intense peaks in the range from 15.9-16.4 eV. The most intense "feature" in the branching ratio energy dependence occurs at 16.066 eV which is assigned in both the KW and LBY assignments to the (A Table II Table II Table II . Therefore, the above assumption that electronic autoionization is the dominant autoionizing scheme is not consistent with either of the principle assignments of the structure in the threshold region presented in the literature. Therefore either both assignments are incorrect or there are some non-Franck-Condon autoionization mechanisms (e.g., interference between direct and autoionization) at play which disturb the branching ratios.
It should be noted that the measured branching ratios are completely consistent with the previous data by Holland and West 9 in the region of the continuum of the ionization where the two sets of data overlap, while some discrepancies remain as for the values of the branching ratios in the on-resonance regions. This can be ascribed to the different overall energy resolution in the two experiments or possibly due to the different branching ratios of rotational levels (the rotational temperatures in the supersonic beam is <9 K with respect to the almost room temperature rotational distribution in an effusive beam). Indeed the resolution quoted in Ref. 9 for the used cylindrical mirror analyzer was 60 meV, compared with the present one of about 10-40 meV.
C. Angular distributions
In the dipole approximation the angular distribution of the photoelectrons produced in the photoionization of randomly oriented targets by fully linearly polarized radiation is represented by the double differential cross section,
where σ 0 is the total photoionization cross section, θ is the angle of the photoelectron with respect to the polarization direction of the incident radiation, P 2 (cos θ ) is the second order Legendre polynomial, and β(E) is the asymmetry parameter. The β(E) parameter depends on the energy of the photoelectron and holds information on the photoionization dynamics, because its value depends on the radial matrix elements, which describe the process, and their relative phase. In Figure 5 the β values measured for the N 2 + X 2 g + v = 0-3 states are shown. Since the first measurement by Carlson with a He I lamp in 1971, 51 it is known that the angular distributions from the individual vibrational levels are not necessarily the same. Indeed, the PADs provide information on the dynamics of decay of the autoionizing Rydberg states that is complementary to the vibrational branching ratios. Furthermore, the PAD depends not only on the dipole amplitudes of the partial waves of the outgoing electron, but also on their relative phase so that variations in β are not necessarily centered at the resonance position and are not bound to the resonance width.
Before commenting in detail on the variation of the β parameter in correspondence with the autoionizing resonances it is interesting to consider the PADs obtained following photoionization into the continuum. The first surprising result is the high average values of beta (β = nance structure at 21.5 eV (FWHM ∼1 eV) showing a dip to a value of ∼0.5. The photon energy step size in those experiments was on the order of 250 meV and as can be seen from Figure 5 the resonances in the β parameter are much narrower than this. It is therefore difficult to appreciate the effect of the resonances on the β parameter from those experiments. In more recent measurements, West et al. 10 (photon energy range 15.9-16.8 eV) measured a value of β of 1.25 at 15.95 eV (our β = 1.65 for the same photon energy -see Figure 5 ) while the measurements of Holland and Shaw 13 report a maximum β of 1.65 at 15.625 eV. These values are significantly lower than the values presented here. The most important difference between the measurements presented here and those of Refs. 10 and 13 is that the present experiments have been performed in a rotationally cooled supersonic jet, while the previous measurements have been made on effusive jets which have rotational temperatures close to room temperature. Clearly, this implies that the rotational populations of the neutral ground state are completely different in the two experiments with almost all of the population in the lowest three rotational levels in the case of the supersonic expansion (J = 0: J = 1: J = 2: J = 3 ratio is 1:0.79:0.74:0.08 at 9 K) while at room temperature (effusive jet) the rotational population peaks at J = 6 with population spread over 20 rotational levels (>1% population). In the case of the N 2 X
+ transition the allowed photoionization rotational branches are N = 0, ±2, and ±4. Photoelectron spectroscopy of N 2 in which individual rotational branches of this transition were resolved for photoionization energies of 21.2, 23, 35, and 45 eV showed that the N = 0 branch is strongly anisotropic while the N = ±2 and ± 4 branches are almost isotropic. [53] [54] [55] If this is also true at the lower photon energies discussed here, then changing the rotational temperature from 300 K to 9 K reduces the N = −2 and −4 branches with respect to the remaining branches thus increasing the rotationally averaged β value. This is the most likely explanation for the differences between the absolute β values presented here and those presented in Refs. 10 and 13. Furthermore, the very high values of β suggests that the N = 0 branch dominates the photoionization process which in turns indicates a small influence of large l in the outgoing photoelectron wavefunction.
By identifying minima in the total electron yield and maxima in the measured β one can minimize the effects of autoionizing resonances on the distributions. In particular β(v + = 0) = 1.6 and β(v + = 1) = 1.2 at hν = 15.955 eV while β(v + = 0) = 1.5, β(v + = 1) = 1.75, and β(v + = 2) = 0.8 at hν = 16.187 eV. Thus, the relative PADs of the different vibrational levels vary rapidly and in different ways in the threshold region. Early calculations 63 on the shape resonance enhanced nuclear motion on photoionization also demonstrated this effect although they predicted that β(v + = 2) > β(v + = 1) > β(v + = 0) for all kinetic energies below 10 eV. The effects of the autoionizing resonances on the β parameter are even more complicated. While in the total and partial electron yield the autoionizing states in the studied region produce Fano line shapes very close to lorentzians, in the β they mainly result in window type line shapes that when the photon energy crosses an autoionizing state result in a minimum in the β parameter. A similar behavior, predicted 56 and observed in the H 2 case, has been attributed to the higher probability of excited, quasibound, Rydberg electrons to transfer angular momentum to the ion core producing rotationally excited molecular ions. The effect of the resonances is therefore to increase the intensity of the isotropic N = ±2, ±4, etc. branches with respect to the strongly anisotropic N = 0 branch in the process reducing the overall anisotropy and as a result the resonances are seen in the energy dependence of the β parameters as a dip.
As in the case of the partial cross section it is not straightforward to discern any definite pattern, however, some observations can be made also in the case of the β parameter. Small features in the partial cross section produce a noticeable effect in the β parameter. Here we discuss these effects of the resonances on the β parameter in terms of the KW assignment of the autoionizing features. The main observation is that in general the features assigned to the (A Finally, a few cases of the broadening and shift [57] [58] [59] of the resonances have already been observed in the angular anisotropy parameter β with respect to the corresponding resonances in the photoionization cross section. GrumGrzhimailo et al. 60 rationalized these observations in terms of a general scaling effects, showing that the width and the shift of the resonances in the vector correlation parameters are universal quantities and are directly related to the resonance profile parameters in the integral photoionization cross section. Due to the high density of states in several parts of the spectrum it is not realistic to perform the detailed analysis needed to prove the model by Grum-Grzhimailo et al. 60 and to exclude that the observed broadening and shifts are not due to the limited experimental resolution and to the overlapping of unresolved autoionizing states.
IV. CONCLUSIONS
The potentialities of a recently built VMI spectrometer have been exploited to measure simultaneously the partial photoelectron yields and photoelectron angular distributions in the vibrationally resolved photoionization of the nitrogen molecule near threshold. These 2D spectroscopic measurements provide the most complete view of the photoionization process obtained so far in this low kinetic energy region, below 1 eV. An analysis of the Franck-Condon factors between the intermediate states and the final ionic states do not reproduce the observed branching ratios as would be expected for pure electronic autoionization for either of the assignment of the threshold structure found in the literature. The observation of higher values for β for direct ionization in comparison to previous measurements is suggested to be due to the rotationally cooled sample investigated here while the dominance of the N = 0 branch explains the near limiting value. The resonances appear as dips in the energy dependence of the β values while a wide range of intensities and widths are observed. Interestingly, some resonances appear strongly in the beta value of selected vibrational levels of N 2 + X 2 g + but not in others. These new results will hopefully encourage the extension of the theoretical calculations that so far have been applied mainly to H 2 (Refs. 56, 61, and 62) or to the region of the shape resonance in N 2 , 63, 64 also to the N 2 near threshold region and thus lead to a definitive assignment of the autoionization structures in the near threshold region of the ionization of N 2 .
